Introduction
Phosphorus (P) is an essential element for both plant and animal life. It provides energy to cells in the form of adenosine triphosphate (ATP), and is a structural component of cell walls (phospholipids) and of nucleic acids (phosphate backbone of DNA and RNA). Biological productivity is heavily reliant on P availability to photosynthetic organisms, which constitute the base of the food chain in both terrestrial and aquatic ecosystems and hence used as a fertilizer to increase crop yield. The biogeochemical processes governing P availability and dynamics in the environment are complex, and vary widely from one ecosystem to another, thus requiring a highly interdisciplinary approach to research.
A review of the global biogeochemical P cycle, including terrestrial and marine environments.
Soil Phosphorus Cycling
Most of soil P is present in the form of orthophosphate (PO ) compounds, both organic and inorganic in nature (Frossard, et al. 2000) . The main abiotic processes involved in soil P transformations are precipitation-dissolution and adsorption-desorption reactions that control the transfer between solid-phase P and soil solution (Frossard, et al. 2000) . Biotic processes in soils involve microbial P stabilization and remineralization and control the transfer of P between organic and inorganic forms (Richardson and Simpson 2011) . The amount and chemical forms of P change substantially during soil development. The overall bioavailable P decreases over time due to soil leaching, the transformation of primary mineral phosphate into secondary minerals, and P occlusion in organic compounds (Walker and Syers 1976; Turner, et al. 2013; Roberts, et al. 2015) . These changes lead to P depletion in old soils, and a reduction in vegetation productivity (Vitousek, et al. 2010) . A wide array of analytical methods exists to study soil P cycling. These include colorimetric and fluorescent methods, X-ray spectroscopy, P nuclear magnetic resonance spectroscopy ( P NMR), compound-specific analyses, and soil fractionation schemes like the Hedley procedure, which is a widely used approach that separates operationally defined P pools based on chemical solubility (Hedley, et al. 1982) . Recently, the use of tracers such as radioisotopes ( P and P) and stable oxygen isotopes in phosphate have enabled studies to elucidate P cycling dynamics and better constrain the rates of P transformations in soils (Frossard, et al. 2011; Roberts, et al. 2015) . A review dedicated to the use of P radioisotopes and stable oxygen isotopes as tracers for studying the soil-plant system. A method paper presenting the Hedley soil fractionation scheme, a widely used method for studying soil P cycling. A study that focuses on P cycling along a 6,500-year chronosequence. A study investigating soil P availability in a 120,000-year chronosequence and the role of microbial biomass in determining P availability as ecosystems mature. A study investigating soil P transformations during pedogenesis across a range of soil sequences in New Zealand.
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Phosphorus in Terrestrial Vegetation
Phosphorus is an important macronutrient for plants, and P bioavailability is limited since inorganic P (orthophosphate) content in soil solutions is low while plant requirements are high (Bieleski 1973; Schachtman, et al. 1998) . To counter this, plants rely on specialized transporters at the root-soil interface to optimize P extraction from soil solutions and mechanisms for inorganic P transport across membranes allowing intracellular inorganic P content to be up to three orders of magnitude larger than that in soil solution (Schachtman, et al. 1998 ). In addition, the physical, chemical, and biological properties and interactions of the rhizosphere and the structural and functional structure of roots play an important role in nutrient acquisition (Richardson, et al. 2009 ). Research in the field of P uptake by plants is particularly relevant for agricultural, economic, and environmental conservation, since P is frequently a limiting nutrient for plant growth and development, and the application of P fertilizers results in runoff from P-loaded soils, contributing to eutrophication and hypoxia in lakes, estuaries, and the coastal ocean (Vance, et al. 2003) . For these reasons, there is a growing interest in developing P-efficient plants to minimize fertilizer P inputs and reduce the potential for P loss to the environment (Richardson, et al. 2011) . Another growing area of research focuses on the effects of simulated global climate change on plant P stoichiometry, as well as P cycling and demand (Menge and Field 2007; Yuan and Chen 2015; Mellett, et al. 2017 ). As with soil P studies, radioisotopes, P NMR, as well as ratios of P to carbon and nitrogen and molecular analyses are used to study P processes within plants (Bieleski 1973; Schachtman, et al. 1998 ). In addition, stable oxygen isotopes in phosphate are also becoming a tool to trace biological transformations of P in plants (Pfahler, et al. 2012 ) and will substantially enhance our understanding of the controls of P transformations in vascular plants.
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A review of P uptake, transport, transformations, and storage in plants. This study investigates the isotopic composition of oxygen in phosphate in different P pools in plant leaves. An overview of P uptake by plants and their physiological adaptations to P deficiencies.
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A meta-analysis of 1,418 studies demonstrating changes in plant stoichiometry in response to simulated global change conditions.
Phosphorus in Rivers, Streams, and Lakes
Rivers and streams act as the main pathway for transporting P, in both particulate and dissolved forms, to lakes, wetlands, and the coastal ocean. During transport, P is exposed to a number of processes that alter its chemical reactivity. Those processes involve P assimilation and retention by macrophytes, periphyton, and microorganisms, P retention and release by soils and sediments, sorption-desorption reactions, advection and diffusion, and mineral precipitation-dissolution in the water column (Reddy, et al. 1999; Withers and Jarvie 2008) . P sources to this system are varied and involve natural and anthropogenic sources, the latter including (1) wastewaters, (2) runoff from impervious surfaces (atmospheric deposition, runoff from roads, roofs), and (3) runoff from pervious surfaces, which include forests and agricultural lands (Withers and Jarvie 2008). These sources may be constrained through the use of oxygen isotopes in phosphate, which may reflect the source of phosphate when not in equilibrium with ambient water (Young, et al. 2009 ). Rivers deliver P to lakes, where organic and inorganic forms in the water column are subject to similar transformations as in rivers and lead to an increase in primary production in P limited systems (Elser, et al. 2007 ). Phytoplankton and particulate forms sinking to lake sediments can be characterized with P NMR (Reitzel, et al. 2007 ). Dissolved organic P can be analyzed with P NMR as well, but require pre-concentration prior to analysis. One means of doing so without the use of reverse osmosis involves co-precipitating nonreactive P with aluminum. This process has been used for revealing the prevalence of orthophosphate monoesters and diesters in dissolved organic P in lakes (Reitzel, et al. 2009 ). P forms in lake sediments are degraded at varying rates, with orthophosphate monoesters and teichoic acids being remineralized more slowly than DNA-P, polyphosphates, and phospholipids (Reitzel, et al. 2007 ). Lake sediments can also act as a source of P to the water column, as a number of mechanisms can lead to the release of P: redox conditions, microbial activity/remineralization, resuspension, temperature, pH, iron:phosphorus ratio, chemical diffusion and bioturbation and, in shallow lakes, submerged macrophytes (Søndergaard, et al. 2003) . Because of this, internal P loading from sediments may hinder mitigation efforts to improve lake water quality (Paytan, et al., 2017) .
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A review of P cycling in the marine environment, including P sources, sinks, forms, and transformations in the water column and sediments, as well as the impact of microbial processes on P cycling.
Wallman, K. 2010. Phosphorus imbalance in the global ocean? Global Biogeochemical Cycles 24:GB4030.
A review of the imbalances in the marine P cycle due to anthropogenic activity.
Phosphorus Dynamics in the Marine Water Column
Phosphorus in the marine environment exists in dissolved and particulate phases throughout the water column, both containing inorganic P (orthophosphate, pyrophosphate, polyphosphate, and phosphate-bearing minerals) and organic P (orthophosphate monoesters, diesters and phosphonates) forms. Both particulate and dissolved organic matter (DOM) are continuously produced and remineralized in the water column, with the latter representing the dominant form of OM in the oceans (Sannigrahi, et al. 2006) . This DOM pool is distinct chemically from the particulate organic matter (POM) pool, suggesting it does not originate from a simple solubilization of POM (Paytan, et al. 2003; Sannigrahi, et al. 2006) . It is dominated by orthophosphate monoesters (80-85 percent), but also contains phosphonates (5-10 percent) and polyphosphates (8-13 percent; Young and Ingall 2010). Dissolved inorganic P (DIP) is rapidly assimilated by phytoplankton and autotrophic bacteria in the photic zone and modified into organic compounds (Paytan and McLaughlin 2007, cited under Phosphorus in the Marine Environment). In oligotrophic regions of the ocean where DIP is scarce (e.g., the Sargasso Sea), dissolved organic P (DOP) remineralization in the photic zone can account for as much as 82 percent of P utilized by phytoplankton (Lomas, et al. 2010; McLaughlin, et al. 2013) . Furthermore, recent work has shown that phytoplankton may reduce their cellular P requirements by substituting non-P membrane lipids for phospholipids, and also use reduced P compounds (phosphonates and/or phosphite) as a P source suggesting the existence of a vast P redox cycle (Van Mooy, et al. 2009; Van Mooy, et al. 2015) . DIP and DOP are released by zooplankton excretion, and phytoplankton cell lysis, and subject to sorption-desorption processes with sinking POM (Paytan and McLaughlin 2007) . A number of studies have investigated the chemical forms of particulates exported to the deep ocean using sediment traps, sequential extractions, and P NMR analyses (Paytan, et al. 2003; Faul, et al. 2005) . They reveal that sinking particulates are mainly composed of reactive components that include acid-insoluble organic P (~40 percent), authigenic apatite (~25 percent) and oxide-associated and labile P (~21 percent), with small proportions of unreactive detrital apatite (13 percent; Faul, et al. 2005 ). They further demonstrate that POM is continuously remineralized as particulates are exported to the deep ocean. This study assesses the different P forms in sinking marine particulates using a sequential extraction scheme. This study examines the role of dissolved organic P in fueling production in the Sargasso Sea, where primary production is limited by inorganic P. This study investigates P cycling in the photic zone of the oligotrophic, P-limited Sargasso Sea using a combination of stable isotopes, enzyme-labeled fluorescence and P-labeled DIP turnover time estimates. A study focusing on the transformations of P in sinking marine particulates using P nuclear magnetic resonance spectroscopy. A study investigating the nature of organic P in marine dissolved and particulate organic matter using C and P nuclear magnetic resonance spectroscopy. Van Mooy, B. A. S.,H. F., Fredricks, This study uses electrodialysis and reverse osmosis to concentrate dissolved organic matter for thirty-one P nuclear magnetic resonance spectroscopy analyses in order to investigate P compounds in this pool.
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Sedimentary Phosphorus Cycling
Sediments are the main P sink in the marine P cycle, and the specific association of P with various sediment components after burial depends on sedimentary redox conditions. P is exported to the seafloor in the form of inorganic and organic particulates. Upon reaching the seawater-sediment interface, reactive P forms are subject to a number of abiotic and biological transformations, while unreactive (detrital) phases are passively buried. Reactive P can be quantified using sequential extraction schemes (e.g., SEDEX) and is made up of easily exchangeable P, oxide associated-P, authigenic and biogenic apatite, calcium carbonate-bound P, and organic P (Ruttenberg 1992). Such extractions have enabled detailed studies on the controls of P accumulation and concentrations in marine sediments (Filippelli 1997) . Studying the chemical structure of P in marine sediments is difficult due to low P concentrations, but P NMR and X-ray fluorescence spectromicroscopy have been successfully applied to study the nature of organic P and P-bearing minerals (Ingall, et al. 1990; Carman, et al. 2000; Brandes, et al. 2007 ). The dynamics of sedimentary P are complex, with diagenesis leading to a redistribution of P between phases as a function of changing redox conditions and microbial activity. Such transformations can be studied using radioisotopes ( P), which yield valuable insights into microbial inorganic P cycling by tracing microbial P uptake and inorganic P turnover (Goldhammer, et al. 2010) . Biotic and abiotic sedimentary P processes can be further traced and P turnover rates estimated using stable oxygen isotopes in phosphate in porewater and in solid-phase P phases (Jaisi and Blake 2010; Goldhammer, et al. 2011) . The advent of such methods has substantially improved our understanding of P dynamics in marine sediments and will continue to answer longstanding questions regarding the fate of P after burial. This study uses P near-edge x-ray fluorescence spectroscopy to assess inorganic and organic sedimentary P forms. A study determining the organic P forms in marine and lacustrine sediments with varying redox conditions using 31P nuclear magnetic resonance spectroscopy. This study compiles sedimentary P geochemistry data from the world's oceans and assesses the factors controlling P accumulation in marine sediments.
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In this study, P radiotracers are used to study bacterial apatite formation in anoxic marine sediments. This study uses oxygen isotope ratios in porewater phosphate to investigate P cycling in marine sediments on the Namibian continental shelf. This study assesses the nature of organic P in marine sediments (continental shelf, lower slope, and pelagic sediments) using solution and solid-state P nuclear magnetic resonance spectroscopy.
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This study uses sequential sediment extractions and oxygen isotope ratios in solid-phase phosphate to characterize P sources and transformations in marine sediments.
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This study presents a sequential extraction method for marine sediments (SEDEX) that is widely used in the field of sedimentary P research. 
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